Aims. In this paper we study the Spitzer and TIMMI2 infrared spectra of post-AGB disc sources, both in the Galaxy and the LMC. Using the observed infrared spectra we determine the mineralogy and dust parameters of the discs, and look for possible differences between the Galactic and extragalactic sources. Methods. Modelling the full spectral range observed allows us to determine the dust species present in the disc and different physical parameters such as grain sizes, dust abundance ratios, and the dust and continuum temperatures. Results. We find that all the discs are dominated by emission features of crystalline and amorphous silicate dust. Only a few sample sources show features due to CO 2 gas or carbonaceous molecules such as PAHs and C 60 fullerenes. Our analysis shows that dust grain processing in these discs is strong, resulting in large average grain sizes and a very high crystallinity fraction. However, we do not find any correlations between the derived dust parameters and properties of the central source. There also does not seem to be a noticeable difference between the mineralogy of the Galactic and LMC sources. Even though the observed spectra are very similar to those of protoplanetary discs around young stars, showing similar mineralogy and strong grain processing, we do find evidence for differences in the physical and chemical processes of the dust processing.
Introduction
Studies of the chemistry and geometry of circumstellar discs have, so far, mainly focussed on the protoplanetary discs around young stars (e.g. Meeus et al. 2001; Bouwman et al. 2008; Juhász et al. 2010) . However, in recent years it became clear that circumstellar discs are present in nearly all stages of stellar evolution, going from first-ascent giants (Jura 2003; Verhoelst et al. 2007; Melis et al. 2010) , B[e] supergiants (Kastner et al. 2010) , asymptotic giant branch (AGB) stars (e.g. Yamamura et al. 2000; Chiu et al. 2006; ), (proto-)planetary nebulae (e.g. Chesneau et al. 2006 Chesneau et al. , 2007 Lykou et al. 2011) to white dwarves (e.g. Becklin et al. 2005; Dong et al. 2010) . Even though circumstellar discs appear common throughout the Hertzsprung-Russell diagram, it is still unclear what links the different disc-bearing objects throughout all the late evolution- Whereas for young stars the disc is a by-product of the star formation, there is evidence that for the majority of the evolved stars the disc is newly formed. The exact formation mechanisms are unknown, and will most likely differ for different evolutionary stages. For example, disc formation has been linked to binary mergers, wind capture or Roche-lobe overflow (see references above). However, in most cases, binarity appears to be the key ingredient to the formation of discs in later stages of stellar evolution.
In this work we study a particular class of evolved binary post-AGB stars surrounded by stable dusty discs. These sources were initially selected on the basis of their very strong near-infrared excess. Follow-up studies confirmed the binarity, and showed that the companion star is most likely a main-sequence star, with a typical separation of about 1 AU (Van Winckel et al. 2009 ). The presence of a disc was already proposed to explain the presence of hot dust in the system (De Ruyter et al. 2006) and later resolved by interferometric observations (Bujarrabal et al. 2001 (Bujarrabal et al. , 2007 Deroo et al. 2006; . The discs also explain the observed depletion process in the photospheric abundances of the central post-AGB star
Programme stars
In this paper we study a total of 57 post-AGB stars with evidence for the presence of a stable circumbinary disc, located in the Galaxy and the LMC. The Galactic sample consists of 33 stars from the larger sample discussed in De Ruyter et al. (2006) . Of these stars, 21 sources are already discussed in Gielen et al. (2008) and Gielen et al. (2009a) . To complement these 21 sources we obtained Spitzer high-and low-resolution spectra of 13 additional suspected post-AGB disc sources. The LMC sample consists of 24 sources, of which 3 are already discussed briefly in Gielen et al. (2009b) . These sources were observed in low-resolution mode, either as part of the larger SAGE-Spec programme of Kemper et al. (2010) , a follow-up to the photometric SAGE legacy programme (Meixner et al. 2006) , or as part of Spitzer programmes 3274 (PI: Hans Van Winckel) and 50092 (PI: Clio Gielen) (http://irsa.ipac.caltech.edu/data/SPITZER/docs/).
From Woods et al. (2011) , we selected the stars which are classified as oxygen-rich post-AGB or RV Tauri sources in the SAGE-Spec catalogue. We removed the sources for which only a small part of the Spitzer wavelength range was observed . After this, 16 stars remained. To increase this LMC sample, we searched the SAGE photometric catalogue for the presence of other possible disc bearing post-AGB sources. All objects with 24 µm fluxes between 2 mJy and 1 Jy were selected, in order to exclude young stellar objects and supergiants. Other selection criteria were chosen to distinguish between post-AGB stars with an expanding shell (F 24 > F 8 ) and binary post-AGB sources with a circumbinary disc (F 24 > 0.5 F 8 and J − K < 1). For a detailed description of the selection criteria we refer to van Aarle et al. (2011) . After cross-correlation with optical photometric catalogues and the SIMBAD Astronomical Database, 650 sources remained. Of this larger sample, the 8 brightest stars were selected and observed with the Spitzer infrared spectrograph. For 18 of the 24 LMC sources additional ground-based optical spectra were obtained at Siding Spring Observatory, the South African Astronomical Observatory (SAAO) or with the UVES spectrograph in Paranal. This allows us to determine a spectral type and assign an effective temperature (Gielen et al. 2009b; van Aarle et al. 2011) .
For 15 Galactic sources the binarity has been confirmed by radial velocity monitoring, resulting in orbital periods between 200 and 1800 days (Van Winckel et al. 2009 ). For the other Galactic sources, binarity can already be suspected from the monitoring programme but not enough data are available to derive the exact orbital parameters. Unfortunately, such longterm radial velocity monitoring programme for the LMC sources is difficult, since it requires several years of observations with a high-resolution optical spectrograph on a large telescope, such as UVES on the VLT. But, given the strong resemblance of the LMC disc candidates to the Galactic disc sources, in chemistry of the central star, spectral energy distribution and mineralogy of the circumstellar environment (Reyniers & Van Winckel 2007; Gielen et al. 2009b) , we postulate that these sources will also be part of a binary system.
Spectral energy distribution
For all Galactic sample stars, spectral energy distributions (SEDs) were calculated from the photometric data and stellar parameters as given in De Ruyter et al. (2006) , the SAGE photometric catalogue and/or the Vizier database. The resulting SEDs can be seen in Figures 1 and 2 . From the SED we also calculated the luminosity ratio L IR /L * . The total extinction E(B − V) tot was determined by dereddening the observed photometry and infrared spectra, using the average extinction law of Savage & Mathis (1979) extended with the theoretical extinction law of Steenman & Thé (1989 , 1991 . Minimising the difference between the dereddened observed optical fluxes and the appropriate Kurucz model (Kurucz 1979) gives the total colour excess E(B − V) tot (Tables 1-2 ). This is done under the assumption that the extinction is fully due to interstellar extinction, or that the circumstellar component follows the same extinction law. Since the total extinction probably consists of both an interstellar and a circumstellar component, the applied dereddening is thus a maximal correction. The errors on the value for E(B − V) tot are calculated using a Monte-Carlo simulation on the photometric data. We use an error of 0.05 for the photometric measurements in a Gaussian distribution. Since we do not know the distances to the Galactic sources, we adopt a likely luminosity for evolved low-gravity objects of L * = 5000 ± 2000 L ⊙ . For the LMC sources we calculate the luminosity assuming a typical LMC distance of 50 000 pc (Kemper et al. 2010) . For the LMC sources we use the effective temperatures as given in van Aarle et al. (2011) , if available. Since the metallicity and log g values for these sources are not determined, we used values of [Fe/H]= −1.0 and log g = 1.0 for all stars. These values are consistent with those found for the Galactic objects, and have only minimal impact on the derived total reddening and infrared energy ratio. Of the LMC sample, 6 sources lack optical spectra, and thus effective temperatures, and we could not determine the total reddening. Fig. 1 . The spectral energy distributions of our sample stars. The dereddened fluxes (diamonds), reddened fluxes (gray triangles) and Spitzer spectra (solid line) are given together with the scaled photospheric Kurucz model (dashed line). For the sources where we lack the stellar parameters to determine the underlying Kurucz model, we only plot the reddened data.
For some sources there is evidence that the discs are seen close to edge on (Menzies & Whitelock 1988; Lloyd Evans 1997) . The visible light of the central source is then seen in reflection which makes an accurate determination of the total extinction, the luminosity ratio, and the distance very difficult. These sources are marked with an asterisk in Table 1 .
Observations and data reduction

Spitzer
The spectra were obtained using the SL (λ = 5.3 − 14.5 µm), LL (λ = 14 − 38 µm), SH (λ = 9.9 − 19.5 µm) and LH (λ = 19.3 − 37 µm) staring modes on the Spitzer-IRS instrument (Werner et al. 2004; Houck et al. 2004) . For the Galactic objects, exposure times were chosen to achieve a S/N ratio of 400. For the extragalactic objects in our own observing proposal, exposure times were chosen to give a S/N ratio of 100 for the SL mode and 20 for the LL mode. The SAGE-Spec LMC objects have a S/N ratio ∼ 60 in SL mode and ∼ 30 in LL mode.
The newly obtained spectra from our own Spitzer observations were extracted from the SSC raw data pipeline S18.0 version products, using the c2d and feps data reduction packages. For a detailed description of these reduction packages, we refer to Lahuis et al. (2006) and Hines et al. (2005) . The reduction includes background and bad-pixel correction, extraction, defringing and order matching. Individual orders are corrected for offsets, if necessary, by applying small scaling corrections to match the bluer order. For a detailed description of the target selection, observing strategy and reduction of the SAGE-Spec objects, we refer to Kemper et al. (2010) .
TIMMI2
For some stars we lack the Spitzer IRS-SH observations and we obtained additional ground-based N-band infrared spectra with the Thermal Infrared Multi Mode Instrument 2 (TIMMI2, Reimann et al. 2000; Käufl et al. 2003) , mounted on the 3.6 m telescope at the ESO La Silla Observatory. The low-resolution (R ∼ 160) N band grism was used in combination with a 1.2 arcsec slit; the pixel scale in the spectroscopic mode of TIMMI2 is 0.45 arcsec. For the reduction of the spectra we used the method described in van Boekel et al. (2005) . We scaled the TIMMI2 spectra to the Spitzer spectra and found a very good agreement in spectral shape between the two data sets.
The resulting spectra can be found in Figure 3 and Figs. A.6-A.10.
First inspection of emission features
Looking at the spectra of the Galactic and LMC sources (Figs. A.6-A.10), we find that all sources show clear silicate emission. For nearly all sources the prominent broad amorphous silicate features at 10 and 20 µm stand out. Furthermore, most spectra show additional narrower features at 11.3, 6, 19, 23, 27 and 33 µm, which are due to crystalline silicate emission. Gielen et al. 2007; Van Winckel et al. 2009 ). The total reddening E(B − V) tot , the energy ratio L IR /L * and the calculated distance, assuming a luminosity of L * = 5000 ± 2000 L ⊙ . Stars marked with * are seen in reflection only, resulting in unreliable E(B − V) tot values and luminosity ratios, and upper limits for the distances. The last column lists whether the spectra are part of the SAGE-Spec catalogue, Spitzer programme 3274 or 50092. Even though all the spectra are dominated by oxygen-rich dust species, some stars do show evidence for the presence of carbonaceous molecules. Clear PAH emission can be seen in EP Lyr, IRAS 06338 and IRAS 13258, with peaks at 8 and 11.2 µm . The PAH features of EP Lyr were already discussed in Gielen et al. (2009a) . The peculiar spectrum of IRAS 06338 not only shows the typical PAH bands, but several smaller features between 6 and 8 µm, most likely resulting from very small PAH grains. In this star, the strong narrow peaks between 13 and 18 µm are due to CO 2 gas emission, which can also be seen in EP Lyr and HD 52961. HD 52961 and IRAS 06338 both show a strong feature at 18.7 µm, which can be identified as C 60 fullerene emission (Cami et al. 2010) . The detection of these carbonaceous molecules in our sample stars will be further discussed in an upcoming paper.
To study the silicate signatures in the infrared spectra, we divided the full spectrum into 7 different complexes where strong silicate emission is seen, more specifically at 10 − 14 − 16 − 19 − 23 − 27 and 33 µm. To compare the Galactic stars to the LMC sources, we calculated for each group a mean continuumsubtracted spectrum in these 7 complexes. The continuum was determined by linearly interpolating between the beginning and end of the studied regions. These mean spectra are then normalised to the maximum flux in the wavelength interval. An overview of the different mean spectra can be seen in Figure 4 , together with synthetic spectra of crystalline and amorphous silicates. Below we discuss the different complexes in more detail, and results can be seen in Figure 6 and Figs. A.1 to A.5.
4.1. The 10 µm complex ( 8 − 13 µm ) It is clear from Fig. 6 that the mean spectrum in this region is very similar for the Galactic and LMC sources. A flat-topped feature is seen, where the two peaks come from the emission of amorphous and crystalline olivine. The observed 10 µm complex seems to be broader at the left shoulder, compared to the emission feature of amorphous olivine. Additional emission near 9 µm could point to the presence of amorphous pyroxene or silica, which peak at shorter wavelengths.
Some individual sources do not follow the calculated mean complex. IRAS 13258 and EP Lyr show no silicate features, but exhibit emission due to PAHs. PAH emission probably also contributes to features seen in IRAS 06338 and HD 52961. Also note that in IRAS 06338, the strong feature at 9 µm seems to be shifted bluewards in comparison to the mean. This could point to the dominance of silica in this source. IRAS 10174 shows almost no emission of crystalline species, not only at 10 µm but along its entire wavelength range, and is very similar to the extragalactic source J 051333. These two sources also do not show the broadening at the left shoulder of the complex, and are thus expected to be devoid of silica.
The 10 µm complex is a good tracer of grain processing, in the form of grain size and crystallisation (van Boekel et al. 2003 (van Boekel et al. , 2005 Juhász et al. 2010) . Since amorphous and crystalline silicates peak at two distinct wavelengths, respectively 9.8 and 11.3 µm, the continuum-subtracted 11.3/9.8 µm flux can be used as a measure for the amount for the crystallisation the dust has undergone. Furthermore, the peak-to-continuum ratio of the 10 µm complex can be used as a tracer for grain growth, since larger grains will result in a less pronounced feature. In Figure 5 we plot these two ratios. We do not plot EP Lyr and IRAS 13258, since they show strong PAH emission at 11.3 µm, contaminating the crystalline emission at this wavelength. SAGE 050830 has a very high peak-to-continuum ratio of 5.05 ( with a 11.3/9.8 µm ratio of 0.81), and falls outside our plot range. Most of our sources show rather high 11.3/9.8 µm ratios, with low peak-tocontinuum values, showing that the crystallinity fraction is high, and the average grain sizes relatively large. Fig. 4 . Overview of the different emission complexes. Top: In black we plot the normalised mean continuum-subtracted Galactic spectrum, in red the normalised mean LMC spectrum. We did not include the 14 and 16 µm complexes, since the noise level for the LMC sources made it impossible to determine a mean spectrum. Bottom: The different normalised continuum-subtracted spectra of forsterite, enstatite and amorphous olivine are given in respectively blue, green and magenta. Fig. 5 . Ratio of the continuum-subtracted flux at 9.8 and 11.3 µm versus the peak-to-continuum ratio of the 10 µm silicate feature. Galactic sources are plotted in red plus signs, LMC sources in blue diamonds. The gray area shows typical values found for protoplanetary discs around young stars. The numbers correspond to numbers given in Tables 1 and 2. A very weak correlation (Kendall rank correlation τ = −0.23), can be seen. This is in contrast to the strong correlation seen in discs around young stars between grain growth and crystallisation processes (van Boekel et al. 2003 (van Boekel et al. , 2005 Juhász et al. 2010) . The gray area in Figure 5 shows typical values found for protoplanetary discs, and it is clear that our sources show a much larger spread in values for the continuum-subtracted 11.3/9.8 µm flux ratio. This could mean that in the case of the post-AGB discs, the dust might not consist of very small (0.1 µm ) amorphous grains, but may already have a higher crystallinity or larger grain size. It could also mean that different grain processes are at play, resulting in a slightly different dust grain evolution. We find no evidence for different behaviour between our Galactic and LMC samples. This region is dominated by two different emission complexes, respectively around 14 and 16 µm , as can be seen in Figure A .1. Because of the high noise level in the LMC sources for this region, we could only calculate a mean spectrum for the Galactic stars.
The 14 µm complex is sensitive to the emission of enstatite, which shows a clear feature around 13.8 µm in our observed sources. The predicted feature at 14.4 µm, however, is not seen. Instead, we do see a clear signature around 14.7 µm. The synthetic spectra of enstatite are known to be sensitive to the refractory indices used and the adopted grain size (see for example Fig. 10 in Molster et al. (2002a) and Fig. 20 in Juhász et al. (2010) ). Chihara et al. (2002) present an overview of the shift of peak position of crystalline pyroxenes with different iron contributions and we find that the peak positions found in our spectra are better modelled with enstatite with a small iron contribution of about 10%. In Figure 7 we show the continuum-subtracted spectrum of ST Pup, which has the strongest enstatite features and best S/N ratio in this region of our sample stars, together with the laboratory spectra of ortho-enstatite and clino-enstatite with a 10% iron content, as presented by Chihara et al. (2002) . Unfortunately, the 14 µm complex is the only wavelength region where the enstatite features are not blended with forsterite emission. This makes it impossible to study the enstatite iron content using other complexes.
In the Galactic sample the 16 µm complex is clearly visible in most sources, the outliers being EP Lyr and IRAS 10174. The feature seen in IRAS 15556 is strongly deviating from the mean complex, and shows a stronger contribution of enstatite emission. IRAS 06338 shows strong emission of CO 2 gas in the 16 µm region.
As was already discussed in Gielen et al. (2008) , the strength of the 16 µm feature seems to correspond to the emission of forsterite, shifted bluewards in central wavelength. Our new spectra follow this trend. This shift of the 16 µm feature is also seen in the infrared spectra of protoplanetary discs (Juhász et al. 2010) , and is probably an effect of the adopted synthetic spectrum of forsterite. This region shows two strong emission complexes, around 19 and 23 µm , and a good agreement between the two samples is found (see Figs A.2 and A.3) . Although the LMC sample has strong noise, the mean spectrum is very similar to the Galactic mean. The 19 µm feature seems to be more pronounced in the Galactic sources, which could mean that the LMC sample is less crystalline, since the feature is mainly formed by forsterite emission. However, the strong noise level of the LMC sources could also hamper the detection of the feature. The 23 µm feature is dominated by the emission of forsterite, and is clearly seen in most Galactic and several LMC stars. The mean Galactic and LMC complexes are again very similar. In the Galactic sources, the same outliers appear again: EP Lyr and HD 52961, which have a very particular mineralogy (Gielen et al. 2009b) ; IRAS 10174, which is almost completely amorphous, and IRAS 15556 which shows no emission at 23 µm. The 27 µm complex peaks at the forsterite 27.5 µm feature, but with an additional shoulder around 29.3 µm, which is due to enstatite emission. In the Galactic sample, strong deviation can again be seen for IRAS 06338, which is clearly a source with atypical dust emission features. Some sources show a somewhat broader 27 µm feature, such as IRAS 15556, which could point to a larger enstatite contribution. The LMC sample is again compromised by the strong noise, but the stars with strong observed emission feature do show a similar feature as observed in the Galactic sample. Only MSX 949 seems to deviate from the observed mean complex, with a very broad feature which peaks at 29.5 µm.
Both samples show a clear 33 µm feature, due to the emission of forsterite crystals at lower temperature. For the LMC sample the spectrum around the 33 µm complex is strongly ham- Table 3 . Overview of the adopted dust species. For each component we list its chemical composition, whether it has an amorphous (A) or crystalline (C) structure, density, adopted grain shape and grain sizes, and reference to the refractory indices used. 
Full spectral model
To study the characteristics of the silicate emission observed in these sources, we constructed a basic model to fit the full Spitzer wavelength range. The observed emission features will depend on the chemical composition of the dust, the grain sizes and the grain shapes. In Gielen et al. (2008) we constructed a model that takes all the above properties into account. Note that a bug was present in the modelling routine used in Gielen et al. (2008 Gielen et al. ( , 2009a , which we describe in Gielen et al. (2010) . For this paper, we also extended the routine to include an additional dust species, namely amorphous silica (SiO 2 ). Assuming that the dust features are formed in an optically thin upper part of the disc, the spectrum can be approximated as a linear combination of dust absorption profiles. The model emission is then given by
where κ i is the mass absorption coefficient of dust component i and α i gives the fraction of that dust component, B λ (T j ) denotes the Planck function at temperature T j and β j a scaling factor for the Planck functions. A sum of two Planck functions is also used to represent the continuum flux F cont . Following Gielen et al. (2008) , we use two different dust and continuum temperatures, ranging from 100 K to 1000 K.
The dust species we included are amorphous olivine/pyroxene (Mg 2x Fe 2(1−x) SiO 4 /Mg x Fe 1−x SiO 3 ), crystalline olivine/pyroxene (forsterite/enstatite) and amorphous silica. Silica has different polymorphs, such as quartz, cristobalite and tridimite, with similar emission profiles (e.g. Sargent et al. 2009 ), and we cannot rule out that some of these other polymorphs contribute to the silica fraction. To keep the number of free parameters to a minimum, we opted to use only amorphous silica in our modelling. In section 4.2 we showed that (part of) the enstatite content in our discs might be in the form of clino-enstatite with a 10% iron content. Unfortunately, the laboratory data of this enstatite species does not allow to calculate synthetic spectra for different grain sizes, so we opted to use the more commonly used iron-free ortho-enstatite. As discussed above (Sect. 4), our study of the different complexes show that these dust species are present, and that there is no strong evidence for the presence of other dust species.
Mass absorption coefficients for the different dust species are calculated from refractory indices in gaussian random fields (GRF) dust approximation (Shkuratov & Grynko 2005) . The details of the different refractory indices that we used can be found in Table 3 . From our previous spectral studies we know that the observed emission features are reproduced using a non-spherical grain shape. Even though the continuous distribution of ellipsoids approximation (CDE, Bohren et al. 1983 ) is widely used, it is unfortunately only valid in the Rayleigh limit, and does not allow us to study grain growth effects. For this reason we prefer the GRF approximation. We also tested the distribution of hollow spheres approximation (DHS, Min et al. 2005) , but this did not result in a better fit to the observed emission features.
To study the grain size distribution inferred from the modelling, we use three discrete dust grain sizes in the model: 0.1, 2.0 and 4.0 µm. The emission features of grains with larger sizes become too weak to distinguish from the continuum emission. In Gielen et al. (2008) we already found that the presence of Mg-rich amorphous grains cannot be ruled out, and thus here also we use both purely Mg-rich amorphous silicates (x = 1) and amorphous silicates with an equal amount of Mg and Fe (x = 0.5). The ratio of magnesium and iron in the amorphous silicates mainly changes the peak position of the 10 and 18 µm emission features (Dorschner et al. 1995 ).
The best model was calculated using standard χ 2 minimalisation. Errors on the model parameters were calculated using a 100 step Monte Carlo simulation with gaussian noise distribution. Even though this model is only a first approximation, the model clearly succeeds in giving an overall good fit to the observed spectra (see ).
For 6 sample (Galactic) sources the Spitzer spectrum only starts at 9.9 µm, which means we lack information on the dust composition in the 10 µm wavelength range. Since this could influence the derived dust parameters, we depict these sources in a different color in our correlation plots (Figs 8-A.12).
Results
We find that, for most sources, the dust is dominated by large grains. We define the mass-weighted mean grain size of the dust as a mean = Σm i a i , with a i the grain size, and m i the mass fraction of dust in that grain size. For 47/57 of our sample stars, the mean grain size is larger than 2 µm (see Fig. 8 ).
Since our model routine uses three different grain sizes, we can use them to determine a grain size distribution. The Spitzer spectra probably only trace the upper layers of the disc, and so the calculated distribution could not be valid for the entire disc. The grain size distribution is usually approximated by n(a) ∝ a p , with n(a) the number of grains with grain size a, and p a power-law index. For the interstellar medium a value of p = −3.5 is found (Mathis et al. 1977) for typical ISM grains up to 0.3 µm, rolling over exponentially for larger grains (Zubko et al. 2004) . To calculate the number of grains in a given grain size, we compute the mass fraction of these grains from our modelling and divide it by the corresponding volume of the grains. We then normalise all the grain numbers, such that n(0.1 µm) = 1. The results of this calculation can be seen in Figure 9 . We find a good fit to our results is achieved with a power-law index p = −1.3 0.1 0.2 , for grain sizes between 0.1 and 4 µm . It is clear that our grain size distribution is not ISM like, larger grains are much more abundant. Fig. 8 . The mass fraction in crystalline grains versus the mean grain size of our spectral modelling. Galactic sources are given in red plus signs and LMC sources in blue diamonds. The magenta symbols depict Galactic sources for which the infrared spectra only start from 9.9 µm. The numbers correspond to numbers given in Tables 1 and 2 .
From Figure A .12 it is clear that for about half the stars the crystalline grains are larger than the amorphous grains. For nearly all stars the mean grain size of the crystalline grains lies above 2 µm, whereas the amorphous grains show a larger spread in grain sizes. This is in contrast to what is found for the dust in discs around Herbig Ae stars, where the crystalline grains are significantly smaller than the amorphous grains (Juhász et al. 2010 ). We do not find any correlation between the size of crystalline and amorphous material. It is unclear what causes this difference in grain size between the amorphous and crystalline dust. An effect that could come into play here is the apparent spectral signature of large dust aggregates. Min et al. (2008) showed that aggregates with a very low abundance appear spectroscopically as very small grains, while more abundant materials appear spectroscopically to reside in larger grains. Since for our sources the amorphous dust is in most cases more abundant than the crystalline dust, this could mean that the amorphous grains reside in large fluffy aggregates, which have spectral signatures that are very similar to those of small grains .
Similar to what is found in Juhász et al. (2010) we find that the size of the enstatite grains is on average slightly larger than that of the forsterite grains. There seems to be a weak trend between the crystallinity and the mean size of the crystalline grains: sources with a higher crystallinity have on average larger crystalline grain sizes (see Fig. A.12) . For discs around young stars a strong correlation is found between the mean grain size of the amorphous grains and the disc flaring. This disc flaring is determined by the ratio of the 24 µm and 8 µm flux. Juhász et al. (2010) find that sources with flatter discs have larger amorphous grains in their disc atmosphere. This trend is not seen in our sample. Our sample sources seem to be centred around F 24 /F 8 = 0.83, which shows that these discs are not strongly flared and that there is no large spread in disc flaring. Of the 57 sources, 8 show higher values of the disc flaring, going from F 24 /F 8 = 2 up to 4.3. We find no correlation between the disc flaring and any other dust parameter.
Figure 8 also shows the high crystallinity fraction derived from the Spitzer modelling. The crystallinity can reach values of 60%, which is among the highest seen in astronomical environments. High values of crystalline dust are also found for protoplanetary discs around young stars (e.g. Bouwman et al. 2008; Juhász et al. 2010) , where crystalline fractions up to about 30% are found. For the crystalline dust, forsterite is almost always the dominant species: the forsterite fraction of the crystalline material has values between 20 and 100% (Fig. A.11 ). There does not seem to be a strong correlation between the crystallinity and the forsterite/enstatite fraction of the crystalline material. The same holds for the forsterite/enstatite fraction of the crystalline material and the mean grain size of the crystalline grains (see Fig. A.11) .
The derived silica fractions are of the order of 5%, but can go up to 20%. We find no correlation between the silica mass fraction and any other dust parameters. Thermal annealing of amorphous dust produces both forsterite and silica, and so a relation is to be expected if this process is responsible for the crystallisation.
In our modelling we used amorphous silicates with an equal Mg-Fe content and pure Mg-rich grains. We find that 25/57 sources show a dominance of iron-free amorphous dust, whereas the other sources are clearly dominated by Mg-Fe amorphous silicates. On average we find that the Galactic sources have a slightly higher fraction (53%) of the Mg-Fe rich amorphous silicates, whereas the LMC sources have a higher fraction (56%) of purely Mg-rich amorphous silicates. The derived differences are very minimal, so we cannot make strong statements on the iron content of the amorphous silicates. For the sources where we find a high fraction of iron-free dust, the iron grains could be stored as metallic inclusions in the grains, which would be very hard to detect.
We do not find any correlation between the derived dust parameters and central binary parameters such as the effective temperature or the orbit.
Atypical sources: intruders?
Some sources clearly deviate from the mean observed spectrum, by showing no crystalline grains (IRAS 10174 and J 05133) or carbonaceous molecules and/or gas emission (EP Lyr, HD 52961, IRAS 06338 and IRAS 13258). Other sources, such as MSX 949, show less obvious differences, but are still not reproduced as well by the model as the other sources. Since these sources were mainly selected on the basis of their infrared colours, we cannot exclude that non-post-AGB disc sources are present in the sample. Possible intruders could be young stars with protoplanetary discs, red super giants or AGB stars. However, for most sources we have additional observations of the central star, such as optical spectroscopy, which corroborate their post-AGB evolutionary phase. We discuss several doubtful (or anomalous) cases below.
SAGE 050830
For SAGE 050830, the optical spectra show some evidence for a carbon-rich chemistry (van Aarle et al. 2011) . However, the photometry and infrared spectral information for this source is suspected to be contaminated by a foreground star of spectral type A0-1IV. Unfortunately, the angular resolution does not allow us to discriminate between the A star and the carbon star as the identification of the Spitzer source. Still, if the carbon-rich spectrum truly belongs to the Spitzer source, the strong oxygen-rich spectrum seems surprising. This source is one of the more crystalline objects of our sample, and even has the most extreme 10 µm feature-to-continuum ratio of all sources! The carbon-rich classification of the central star, together with the presence of crystalline silicates in its circumstellar environment would make this star an ideal candidate to be a silicate J-type carbon star. These are carbon-rich AGB stars, but with a very low 12 C/ 13 C ratio and detection of crystalline silicates in their infrared spectrum (Lloyd Evans 1990; Abia & Isern 2000) . The sources are believed to be binary stars, with an unseen companion, surrounded by a circumbinary disc (Morris 1990; Jura & Kahane 1999; Yamamura et al. 2000; ). This scenario could explain the dual chemistry, since the disc could then be formed while the central star was still oxygen rich, and has now evolved to be carbon rich. However, it does not explain the low 12 C/ 13 C ratio, usually seen in J-type silicate carbon stars.
Unfortunately, due to the confusion with the foreground star, we cannot determine the stellar parameters, which would shed light on the evolutionary status of this object. Also, the lowresolution optical spectrum does not allow to determine the 12 C/ 13 C ratio of the carbon star, hence corroborating the J-type nature.
J 05133 and IRAS 10174
Two of our sample sources, IRAS 10174 and J 05133, clearly deviate from the rest of the sample by showing no strong evidence for crystalline features in their spectra. However, our modelling shows that purely amorphous silicate dust is not sufficient in reproducing the observed features, especially around 13 µm. The spectra of these stars are actually very similar to the observed spectra of AGB outflows, characterised by small amorphous grains. In these sources, emission from additional dust species, such as alumina (Al 2 O 3 ), can influence the 13 µm region. To see if alumina could also be present in these sources, we remodelled the spectra, now including alumina grains. For both stars we find an improvement when including Al 2 O 3 , especially for J 05133. For IRAS 10174 the improvement is only minor, with an amount of alumina in the new model of 2%. However, for J 05133 the fit is improved drastically when including 30% alumina (Fig. 10) . The bulk of the other dust (∼50%) is stored in small 0.1 µm Mg-rich olivine in this new model. Less then 10% of the mass fraction of dust is in crystalline form, and then mainly forsterite. This type of dust composition is more indicative of an outflow and not a disc.
The optical spectrum of J 05133 (van Aarle et al. 2011) also indicates the peculiar nature of this source. The spectrum points to a F8-G0Ip spectral classification, but shows very strong H I (6563 Å) and He I (5876 Å) emission, and broad Ca II absorption lines, which are not expected in a star of this type, but point to the presence of a hotter source. One possibility would be that the system is actually a binary with an unseen hot companion. The SED modelling gives, for this source, a luminosity of around 17 000 L ⊙ . This, combined with the spectral type as derived from the optical spectrum, shows that the source cannot be an AGB star, but also shows that it is probably not a post-AGB disc source as normally understood. The unusual chemistry of IRAS 10174 compared to the rest of the sample made us re-investigate the optical spectra for this source. The source was originally classified as a post-AGB source (Lloyd Evans 1999; De Ruyter et al. 2006 ) from a blue spectrum which suffered badly from dust extinction in the violet. A new optical spectrum (6400 − 9000Å), taken with the Cassegrain grating spectrograph of the 1.9 m Radcliffe Telescope at the South African Astronomical Observatory, shows that the star is a luminous supergiant, of type G8Ia-O. This is in better agreement with the observed chemistry of the infrared spectrum. Note that even though the star is not a post-AGB disc source, the binarity of the star is confirmed (Maas et al. 2003) .
Even though some non-post-AGB disc sources might be present in the sample, these sources do not change the overall conclusions of this study. The removal of these sources does not introduce correlations between the different stellar and dust parameters, that are currently not observed.
Discussion
For all sources, the infrared spectra are dominated by emission features due to oxygen-rich dust species. For some of the LMC sources (such as J051159.11, J053605.56, and SAGE054310) this is surprising, since they have luminosities which would put them in the peak of the carbon star luminosity function (Stancliffe et al. 2005; Groenewegen et al. 2007; Srinivasan et al. 2011) . Optical spectroscopy for these sources does not point to a carbon-rich chemistry of the central star (van Aarle et al. 2011) . This shows that the AGB evolution for these binary post-AGB stars was shortcut, possibly under the influence of strong binary interaction, preventing them to evolve into carbon stars.
Our study shows that even a relatively simple model succeeds in reproducing the observed infrared spectra. The model assumes only two dust temperatures, and uses the same dust abundances for the cool and warm dust. This shows that the dust in the disc is relatively well mixed, in that cooler and hotter regions in the disc have a similar dust composition. This is very different from the results for protoplanetary discs around young stars, where a difference in dust composition is needed for the inner and outer disc regions (Juhász et al. 2010) .
The strong observed crystalline bands at longer wavelengths show that at least a significant fraction of the crystalline grains are located at cooler temperatures. For some sources our model even underestimates the forsterite flux at 33 µm, showing that, for some sources at least, the forsterite fraction between the two temperatures might not be evenly distributed, but dominated by the cooler temperature. The problem of reproducing the features at longer wavelengths might also be due to the adopted synthetic spectra of forsterite. As can be seen in Fig. 3 .14 of Gielen et al. (2008) , the 33 µm is best reproduced by DHS grain shapes. The GRF grain shape gives a feature which is much broader and flat topped. However, since on average our features were slightly better reproduced with GRF shapes, we used this approximation in our modelling. Another effect that can influence the observed features in the optical depth. At different wavelengths we would look at different depths in the disc, with a different temperature distribution. At longer wavelengths, we would then look deeper in the disc, where the cooler temperature might enhance the features at these longer wavelengths. To study this effect in detail, a full radiative transfer model is needed, which goes beyond the scope of this paper.
Since the exact formation mechanism of these circumbinary discs is still uncertain, it is difficult the relate the different observed dust characteristics to disc evolution. One possibility is that the discs are formed after a common-envelope phase, with some dust formation already forming in the outflow phase. Crystalline grains can then be formed directly out of the gas phase, at high temperatures (Gail 2004; Petaev & Wood 2005) . But this will probably not give rise to the very high amounts of crystalline material we see, which shows that another crystallisation process is still active afterwards, such as thermal annealing (Wooden et al. 2005) . Another formation mechanism is RocheLobe overflow through an outer Langrangian point, where the material is already confined to the midplane. Here one could expect the dust at the hot and denser inner regions to be more efficient in producing crystalline species. Both gas-phase condensation and thermal annealing might be important to explain the high crystallinity in these discs.
The condensation models predict forsterite to condense first, followed by the formation of enstatite through reactions between forsterite and SiO 2 gas. In contrast to what is found for protoplanetary discs, our results show that forsterite is almost always the dominant crystalline dust species. This could point to a deviation from equilibrium conditions during condensation. If the forsterite grains reach large grain sizes quickly, the formation of enstatite might be complicated, since it will become increasingly harder to infuse SiO 2 in the forserite lattice. The resulting dust may the be in the form of a large forsterite grain, surrounded by a small layer of enstatite. The formation of enstatite can be further weakened if the material is allowed to cool very quickly after the condensation of forsterite. The formation of forsterite through annealing is especially efficient if the starting material has an olivine stoichiometry. A high forsterite fraction would then go together with a higher pyroxene fraction of the amorphous material, which is not supported by our results.
Since crystallisation requires high temperatures above 1000 K (Fabian et al. 2000) , one would expect the crystalline dust to be confined to the hot, inner regions of the disc. This is in clear contrast to our findings of cool crystalline material and a homogeneous dust composition throughout the disc. This shows that mixing must be efficient is transporting the crystalline material to cooler regions which were initially dominated by amorphous material, or a crystallisation process at lower temperatures is occurring in the discs. Molster et al. (2002a,b) already showed that the crystallinity fraction in disc sources is much higher than that observed in typical outflow sources. This shows that the crystalline component in the disc sources is most likely determined by subsequent dust grain processing in the discs, and not by cooling processes in the outflow of the material forming the discs.
Dust formation models also show that iron will preferably condense out as metallic iron, rather than be included in silicate formation. This could explain the presence of Mg-rich amorphous silicates in our results. The grain sizes of the crystalline dust, formed through condensation, will not be correlated with the grain sizes of the amorphous material, which is in line with our results. If the crystallisation occurs through annealing, we would expect a relation between the initial amorphous material and final crystalline grains. This does not explain the observed difference in crystalline and amorphous grain sizes, unless a subsequent process can be invoked that would grow the crystalline material, but not the amorphous dust. Our results on the difference in crystalline and amorphous grain sizes is again in clear contrast to what is found for the dust in protoplanetary discs, where the crystalline grains are found to be significantly smaller than the amorphous grains (Juhász et al. 2010) . Clearly, different dust processes are responsible for the grain growth and crystallisation in the discs around young and evolved stars.
The derived large grain sizes show that there seems to be an efficient removal of the smallest grains. The question remains whether this lack of small grains is an effect of grain growth (Dullemond & Dominik 2004) or whether the initial grain population already consisted of large grains. In that case the smallgrain fraction could be a result of grain collision and subsequent break-up. An effect which might also be important to the observed grain sizes is the strong radiation of the central source. The central post-AGB stars are highly luminous, and radiation pressure could be responsible for the removal of the smallest grains in the upper layers of the disc. Since our results show that the amorphous grains tend to be smaller than the crystalline grains, radiation pressure might be (partly) responsible for the large fraction of crystalline grains observed in the upper layers of the disc. Surprisingly, we find no correlations between the derived dust parameters, such as crystallinity, grain size and abundances. Also, no correlation between the dust parameters and parameters of the central binary system is found. The lack of correlation raises the question whether the optically thin upper layers traced by the Spitzer spectra are a good representative of the global dust composition.
Except for the amorphous silicate dust, we find no evidence for the presence of dust species usually associated with AGB outflows or single-star post-AGB shells, such as simple oxides or Al/Ca-bearing dust species. The theoretical oxygenrich dust condensation sequence for dusty outflows starts with the formation of alumina (Al 2 O 3 ) around 1760 K, followed by formation of gehlenite (Ca 2 Al 2 SiO 7 ) at slightly lower temperatures (Tielens 1990; Tielens et al. 1998) . Further interactions with magnesium will produce species like spinel (MgAl 2 O 4 ), akermanite (Ca 2 MgSi 2 O 7 ), diopside (CaMgSi 2 O 6 ) and finally anorthite (Ca 2 Al 2 Si 2 O 8 ) around 1360 K. A second condensation sequence, involving mostly magnesium and silicon, starts with the formation of forsterite around 1500 K, followed by enstatite around 1300 K. Only at temperatures below the glass temperature can iron interact to form amorphous iron-containing silicates. Not only the temperature plays a role, also the densities involved will determine which dust species can be formed.
From observations it is found that AGB stars start by forming Al-and Mg-rich oxides in their outflows, followed by an increase of amorphous silicates bands with increasing mass-loss rate, which start to grow on the Al-rich oxides (Lebzelter et al. 2006) . A similar trend is seen in outflows of red supergiants (Verhoelst et al. 2009 ). A similar scenario might explain the lack of Al/Na/Ca-rich dust species in the discs around the post-AGB stars. Since the photospheres of the central stars are strongly depleted in these elements (Maas et al. 2005; Hrivnak et al. 2008; Gielen et al. 2009b ), we know these refractory elements must be present in the disc. Of course, since densities associated with these discs are much higher than for typical outflows, and dust might be subject to a different temperature gradient, which could result in a different condensation sequence to that observed in AGB stars.
Conclusions
We analysed the Spitzer infrared spectra of 33 Galactic and 24 LMC (candidate) post-AGB binaries surrounded by a dusty circumbinary disc. For nearly all Galactic sources, previous studies have already confirmed the binarity and post-AGB status. The LMC sources were taken from a list of probable post-AGB disc candidates. Our main focus was to determine the dust composition of the discs, but also to look for possible differences between the Galactic and LMC sample. Our study shows that:
-The Spitzer spectra are all dominated by emission features of oxygen-rich dust species, namely amorphous and crystalline silicates of olivine and pyroxene stoichiometry. for grain sizes between 0.1 and 4 µm .
-We find no correlations between the dust, stellar, and/or orbital parameters, which makes it difficult to constrain the dust grain processes that are causing the observed dust properties such as the grain sizes and crystallinity. -We find no differences between the dust parameters of the Galactic and LMC sources. -Although the observed spectra are very similar to those of protoplanetary dics, we find evidence for a fundamental difference in the dust processing occurring in the two disc types, more specifically in the homogeneous dust compostion throughout the disc, the observed degree of crystallinity, the crystalline grain sizes and, the strong dominance of forsterite in the crystalline grain fraction. The mean size of crystalline grains versus the enstatite fraction in the crystalline material. Galactic sources are given in red plus signs and LMC sources in blue diamonds. The magenta symbols depict Galactic sources for which the infrared spectra only start from 9.9 µm. The numbers correspond to numbers given in Tables 1 and 2 . The mean size of the crystalline grains versus crystallinity fraction. Galactic sources are given in red plus signs and LMC sources in blue diamonds. The magenta symbols depict Galactic sources for which the infrared spectra only start from 9.9 µm. The numbers correspond to numbers given in Tables 1 and 2 . Fig. A.13 . The mean size of the amorphous grains versus the disc flaring, determined by the F 24 /F 8 flux ratio. Galactic sources are given in red plus signs and LMC sources in blue diamonds. The magenta symbols depict Galactic sources for which the infrared spectra only start from 9.9 µm. The numbers correspond to numbers given in Tables 1 and 2 . Table A .2. Best fit parameters deduced from our full spectral fitting. The abundances of small, medium and large grains of the various dust species are given as fractions of the total mass, excluding the dust responsible for the continuum emission. 
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